Mesangial cell (MC) mitogenesis is regulated through "negative cross talk" between cAMP-PKA and ERK signaling. Although it is widely accepted that cAMP inhibits mitogenesis through PKA-mediated phosphorylation of Raf-1, recent studies have indicated that cAMP-mediated inhibition of mitogenesis may occur independently of Raf-1 phosphorylation or without inhibiting ERK activity. We previously showed that MCs possess functionally compartmentalized intracellular pools of cAMP that are differentially regulated by cAMP phosphodiesterases (PDE); an intracellular pool directed by PDE3 but not by PDE4 suppresses mitogenesis. We therefore sought to determine whether there was a differential effect of PDE3 vs. PDE4 inhibitors on the Ras-Raf-MEK-ERK pathway in cultured MC. Although PDE3 and PDE4 inhibitors activated PKA and modestly elevated cAMP levels to a similar extent, only PDE3 inhibitors suppressed MC mitogenesis (Ϫ57%) and suppressed Raf-1 kinase and ERK activity (Ϫ33 and Ϫ68%, respectively). Both PDE3 and PDE4 inhibitors suppressed B-Raf kinase activity. PDE3 inhibitors increased phosphorylation of Raf-1 on serine 43 and serine 259 and decreased phosphorylation on serine 338; PDE4 inhibitors were without effect. Overexpression of a constitutively active MEK-1 construct reversed the antiproliferative effect of PDE3 inhibitors. PDE3 inhibitors also reduced cyclin A levels (Ϫ27%), cyclin D and cyclin E kinase activity (Ϫ30 and Ϫ50%, respectively), and induced expression of the cell cycle inhibitor p21 (ϩ90%). We conclude that the antiproliferative effects of PDE3 inhibitors are mechanistically related to inhibition of the Ras-Raf-MEK-ERK pathway. Additional cell cycle targets of PDE3 inhibitors include cyclin A, cyclin D, cyclin E, and p21.
MANY GLOMERULAR DISEASES ARE characterized by excessive proliferation of mesangial cells (MC) (1) . A wide variety of growth factors and cytokines are produced by parenchymal cells and circulating inflammatory cells in response to glomerular injury (2) . After injury, signals for growth factor-directed mitogenesis are transduced through the Ras-Raf-MEK-ERK signaling cascade (75, 82) . In MC and some other cell types, activation of the ERK signaling pathway and mitogenesis in response to growth factors may be inhibited through "negative cross talk" with the cAMP-PKA pathway (22, 43, 67, 69, 85, 98) . For example, nonhydrolizable analogs of cAMP or stimuli of adenylate cyclase markedly inhibit proliferation of vascular smooth muscle cells (VSMC) (43, 78) , fibroblasts (22, 98) , adipocytes (85) , and MC (69) .
In some cell types, the antiproliferative effects of cAMP have been associated with protein kinase A-mediated phosphorylation of the Raf isoform Raf-1 on Ser 43 or other serine residues, including S233 and S259. Phosphorylation of Raf-1 is associated with reduced Raf-1 kinase activity, decreased interaction of Raf-1 with its upstream effector Ras, and decreased ERK activity. Although previous studies demonstrated that cAMP inhibits MC mitogenesis, the site(s) on Raf-1 phosphorylated by PKA in MC has not been previously identified.
Recent studies have indicated that phosphorylation of Raf-1 by PKA or suppression of ERK activity may not be necessary for cAMP-mediated inhibition of proliferation, at least in some cell types. In NIH 3T3 cells expressing Raf-1 with S43, S233, and S259 substituted with alanine residues to prevent their phosphorylation, cAMP still inhibited mitogenesis without suppressing Raf-1 or ERK activity (30) . In CCL39 cells, cAMP inhibits mitogenesis without suppressing ERK activation. These studies indicate that pathways other than Raf-1 that regulate cell growth are targeted by PKA. Depending on cell type, potential targets of cAMP-PKA signaling have included cyclin D, cyclin E, cyclin A, and the cell cycle inhbitors p21 and p27 (25, 37, 38, 44, 47, 50, 51, 56) . It is not known whether suppression of ERK activity is necessary for cAMP agonists to inhibit proliferation or whether cAMP agonists alter expression of cell cycle-regulatory proteins in MC.
However, there is a great deal of evidence indicating that the cAMP-PKA pathway interacts with the ERK pathway in a cell type-specific manner. For example, in some cell types that express B-Raf as the predominant Raf isoform, cAMP promotes ERK activation and stimulates mitogenesis (31, 35, 79) . In some (31, 35, 79) but not all cell types (11) , cAMP promotes mitogenesis through PKA-mediated phosphorylation of Rap-1, which increases B-Raf kinase activity. Whereas Raf-1 has a ubiquitous tissue distribution, B-Raf is highly expressed in cell types that proliferate in response to cAMP, including neuronal tissues and testis (92) . Based on these considerations, some investigators postulated that B-Raf is a primary determinant of the cellular proliferative response to cAMP (36) . No previous studies have determined whether B-Raf is expressed in MC.
Although cAMP agonists are potent inhibitors of MC proliferation (69) , therapeutic efficacy of these agents is limited by a number of untoward systemic side effects. Recent studies have indicated that phosphodiesterase (PDE) inhibitors, which prevent the catabolism of cAMP and thereby lead to PKA activation, may have therapeutic efficacy as selective and cell type-specific agonists of the cAMP-PKA pathway. The PDE superfamily is large and complex. At present, at least 12 families of PDEs have been described, which catalyze the hydrolysis of cAMP, cGMP, or both (7, 20, 48, 65, 89, 90) . PDED family members are distinguished by primary structure, modes of regulation, and capacity for inhibition by specific PDE inhibitors (7, 8, 28) . In most cells, the capacity to hydrolyze cAMP by PDE far exceeds the capacity for cAMP synthesis (24) . The activity of PDE isozymes is tightly regulated (24, 65, 81) . A small change in PDE isozyme activity can have a profound effect on cAMP signaling without large changes in total intracellular cAMP levels (7, 51, 94) . Recent evidence suggests that PDE isozymes are capable of compartmentalizing intracellular cAMP-mediated responses within a cell (15, 27, 32, 33, 64, 65, 83) .
We previously showed that cAMP hydrolysis in MC is almost exclusively directed by members of the PDE3 and PDE4 family (69) . PDE3 family members have a high affinity and specificity for cAMP hydrolysis. A number of agents are potent and specific inhibitors of PDE3 activity, which include lixazinone, cilostamide, cilostazol, and others (3, 8, 28, 74) . There are two subfamilies of PDE3-PDE3A, which is expressed in cardiac myocytes, VSMC, oocytes, and other tissues, and PDE3B, which is expressed in adipocytes, hepatocytes, and pancreatic cells (18, 55, 80, 87) . Recent studies have demonstrated the presence of additional isoforms generated through alternative transcriptional start sites and posttranscriptional processing (18, 97) .
There are at least 18 isoforms of PDE4 encoded by 4 distinct genes (PDE4A, PDE4B, PDE4C, and PDE4D) (12, 93) . These isoforms are expressed in a cell-specific fashion and show distinct activities, distribution, and regulation. PDE4 activity is specifically inhibited by a number of pharmacological agents, including rolipram, RO-1724, and denbufylline (28, 69, 74) . These agents have been employed as anti-inflammatory agents in a number of experimental and human studies (9, 40, 84) . We previously demonstrated that PDE4 inhibitors suppress reactive oxygen species (ROS) generation by MC (15) . However, expression of specific PDE3 or PDE4 isoforms in MC has not previously been determined. These studies are necessary to provide the basis for future studies to define potential mechanisms whereby PDE inhibitors regulate MC mitogenesis and response to inflammatory stimuli.
Although we previously demonstrated that PDE3 but not PDE4 inhibitors suppress MC mitogenesis and PDE4 but not PDE3 inhibitors suppress MC ROS generation, potential mechanisms underlying the differential effect of PDE3 and PDE4 inhibitors in regulation of mitogenesis have not been established in MC or any other cell type. The primary objectives of this study were 1) to identify specific PDE3 and PDE4 isoforms present in MC; 2) to determine whether MC express both Raf-1 and B-Raf isoforms; 3) to determine whether PDE3 and PDE4 inhibitors differentially regulate Raf-1 or B-Raf kinase activity; 4) to determine whether ERK inhibition is mechanistically related to the antiproliferative effects of PDE3 inhibitors; and 5) to define cell cycle targets of PDE3 vs. PDE4 inhibitors in MC. These studies provide further support for the notion that PDE inhibitors may be employed as therapeutic agents to regulate distinct functions in MC.
MATERIALS AND METHODS

Materials. [
3 H]thymidine was purchased from DuPont/New England Nuclear Research Products (Boston, MA). Primary antibodies for p21, p27, cyclin D, cyclin E, cyclin A, cdk-2, cdk-4, Raf-1, B-Raf, and horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Phospho-Raf-1 (Ser43) antibody was obtained from BioSource International (Camarillo, CA). Phospho-Raf-1 (S259) and phospho-Raf-1 (S338) antibodies were obtained from Cell Signaling Technology (Beverly, MA). Protein G Plus agarose was obtained from Santa Cruz Biotechnology. Histone H1 was obtained from Calbiochem (La Jolla, CA). MEK-1 (FL) was obtained from Santa Cruz Biotechnology. Other reagents and supplies were obtained through standard commercial suppliers.
MC preparation and culture. Handling of rats conformed to the institutional animal care guidelines established by The National Institute of Health. MC cultures were obtained from 200-g male Sprague-Dawley rats by differential sieving, as described previously (13, 41, 69) . Briefly, rats were anesthetized by intraperitoneal injection of a 50:50 mixture containing 20 mg/ml xylazine and 100 mg/ml ketamine. The kidneys were excised, the renal capsule was removed, and the cortical tissue was minced and passed through a stainless steel sieve (200-m pore size). The homogenate was sequentially sieved through nylon meshes of 390-, 250-, and 211-m pore openings. The cortical suspension was then passed over a 60-m sieve to collect glomeruli. The purity of glomerular preparations was evaluated by light microscopy. Preparations typically contained Ͼ90% glomeruli. Glomeruli were seeded on plastic tissue culture dishes and grown in complete Waymouth's medium [Waymouth's medium supplemented with 20% heat-inactivated fetal bovine serum, 15 mM HEPES, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids, 2 mM L-glutamine, 100 IU/ml penicillin, 100 g/ml streptomycin, and 1% ITSϩ (insulin, transferrin, selenium, and bovine serum albumin)]. Fresh medium was added every 3 days. Cell outgrowths were characterized as MC by positive immunohistochemical staining for vimentin, smooth muscle-specific actin, and negative stains for cytokeratin, factor VIII-related antigen, and leukocyte-common antigen (antibodies from Dako, Carpinteria, CA). MC were passed once a week following treatment with trypsin-EDTA (0.02%; Sigma, St. Louis, MO). Cells used in experiments were from passages 5-15. PCR analysis for PDE profiles. Total RNA was isolated from rat MC using the RNeasy Total RNA Isolation Kit (Qiagen, Valencia, CA) according to the manufacturer's protocol. Reverse-transcription and PCR amplification were performed using the Gene-Amp System (PerkinElmer, Branchburg, NJ). PCR analysis of PDE3A, PDE3B, PDE4A, PDE4B, PDE4C, and PDE4D was performed essentially as previously described (57a), with the addition of a DNase I treatment (RNase-free DNase I; Roche Molecular Chemicals, Indianapolis, IN) to eliminate residual genomic DNA. All PCR products were sequenced in both orientations.
Transfection studies. PKA and ERK activation was measured using the PathDetect In Vivo Signal Transduction Pathway trans-Reporting System (Stratagene, La Jolla, CA). Constitutively active Ras and Raf vector set, Dominant Negative Ras and Raf Vector Set (Clontech Laboratories, Palo Alto, CA) were used to investigate the effect of Ras and Raf overexpression on ERK activation in MC. MC were plated into 24-well culture dishes at 8 ϫ 10 4 cells/well in complete Waymouth's medium. Twenty-four hours after being plated, cells were cotransfected with a firefly luciferase reporter vector (pTRE-Luc), a control Renilla luciferase reporter vector, and transactivator plasmids, e.g., pFA2-CREB for the PKA pathway and pFA2-Elk1 for the ERK pathway. Transfections were performed using FuGENE 6 Transfection Reagent (Roche Molecular Biochemical), according to the man-ufacturer's instructions. Eighteen hours after transfection, lixazinone, or rolipram (10 M each), and epidermal growth factor (EGF; 20 ng/ml) were added. Control cells received vehicle only. Cells were rinsed and lysed at various time points as described in RESULTS. Luciferase activity was assessed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI).
Assay for cAMP. MC were incubated with PDE inhibitors (10 M) in 24-well culture dishes for 60 min. Supernatants were removed and the reactions were terminated with 5% TCA (final concentration). The TCA was extracted with water-saturated ether, and the cAMP content was measured using RIA as previously described (16, 99 Western blot analysis. MC were treated with PDE inhibitors, as described above. After incubation, MC were rinsed, harvested, and subjected to sonication (3 cycles of 10 s each, 8-m amplitude) in 1ϫ lysis buffer (Cell Signaling Technology). The homogenates were centrifuged at 10,000 g for 10 min at 4°C. Protein concentration of the supernatant was determined by the method of Lowry (62) . Equal amounts of lysate proteins (ϳ100 g) were subjected to SDS-PAGE in the PROTEAN II minigel system or the Criterion System (Bio-Rad Laboratories, Hercules, CA). Lysates were denatured for 5 min at 100°C in SDS-loading buffer according to Laemmli (60) . Electrophoresis was performed at a constant current (200 mA/gel), followed by transfer to polyvinylidene difluoride membranes (Bio-Rad Laboratories). The membranes were blocked with 5% nonfat dry milk in TBS containing 0.5% Tween 20 and incubated with primary antibodies followed by HRP-conjugated secondary antibodies. The blots were then visualized by exposure to X-ray film using the Phototype-HRP Western Detection System (Cell Signaling Technology).
In vitro kinase assays for ERK activity. A p44/42 MAP kinase Assay Kit (Cell Signaling Technology) was used to measure ERK activity, according to the manufacturer's instructions. Briefly, after treatment with PDE inhibitors (10 M), MC were rinsed, harvested, and sonicated four times for 5 s each in 1ϫ lysis buffer plus 1 mM PMSF. Samples were microcentrifuged for 10 min at 4°C, and protein concentration of the supernatants was determined, as described above. Two hundred microliters of cell lysate containing 200 g of total protein were added to 15 l of resuspended immobilized phosphop44/42 MAP kinase (Thr202/Tyr204) monoclonal antibody and incubated with gentle rocking overnight at 4°C. After samples were microcentrifuged for 30 s at 4°C, pellets were washed twice with 1ϫ lysis buffer and twice with 1ϫ kinase buffer. The washed pellets were suspended in 50 l of 1ϫ kinase buffer supplemented with 200 M ATP and 2 g Elk-1 fusion protein and incubated for 30 min at 30°C. Reactions were terminated with 25 l of 3ϫ SDS sample buffer. Samples were boiled for 5 min, vortexed, microcentrifuged for 2 min, and then loaded (30 l) on SDS-PAGE gels (12%). Samples were analyzed by Western blotting, as described above.
Kinase assays for cyclin D and cyclin E activity. After treatment with PDE inhibitors (10 M), cells were lysed in 1ϫ lysis buffer, and protein concentration was determined, as described above. Equal amounts of lysate protein (200 g) were immunoprecipitated with antibodies specific for cyclin D and cyclin E. The immune complexes were collected with protein G plus agarose and washed twice with 1ϫ lysis buffer. Complexes were resuspended and washed twice with kinase buffer (50 mM Tris ⅐ HCl, pH 7.4, 10 mM MgCl2, 1 mM DTT). Complexes were then resuspended in 50 l of kinase buffer containing 2 g of histone H1 200 M ATP, and 10 Ci [␥-
32 P]ATP (3,000 Ci/mM), and incubated at 30°C for 30 min. After incubation, 25 l of 3ϫ SDS loading buffer were added, and the samples were boiled and electrophoresed on a SDS-PAGE gel. The gels were dried, and incorporation of 32 P was visualized by autoradiography and quantitated with a Kodak image analysis system.
Raf-1 and B-Raf kinase assay. Cells were treated with PDE inhibitors for 15 min, lysed, and immunoprecipitated with 5 g of antiRaf-1 and anti-B-Raf antibodies (Santa Cruz Biotechnology) overnight. The Raf-1 and B-Raf kinase activity in immunoprecipitates was measured in vitro using Raf-1 and B-Raf Kinase Cascade Assay Kits (Upstate Biotechnology, Lake Placid, NY), according to the manufacturer's instructions. Briefly, after 30-min incubation at 30°C in the presence of Mg 2ϩ , MEK-1 and MAP kinase2/Erk2, MAP kinase2/ Erk2 substrate myelin basic protein (MBP), and [␥-
32 P]ATP were added and incubated at 30°C for 10 min. Twenty-five microliters of each reaction were spotted onto P81 phosphocellulose squares, and the squares were washed three times with 0.75% phosphoric acid, once with acetone. The level of 32 P incorporation into MBP was determined by liquid scintillation counting.
Caspase 3 assay. Caspase 3 activity of control and PDE inhibitor (10 M)-treated MC was determined fluorometrically using the CaspACE Assay System (Promega), according to the manufacturer's instructions.
Statistical analysis. Data presented are representative of at lease three independent experiments performed in duplicate or triplicate, as indicated in the figure legends. Groups or pairwise comparisons were evaluated by the Student's t-test; P values of Ͻ0.05 were considered statistically significant.
RESULTS
Multiple PDE3 and PDE4 isoforms are present in MC.
In our previous studies, we determined that cAMP hydrolysis in MC was directed almost exclusively by PDE3 and PDE4. However, the isoforms of PDE3 and PDE4 expressed in MC have not been previously characterized. Expression of PDE3 and PDE4 isoforms in RNA isolated from MC was determined by RT-PCR, using rat isoform-specific PDE3 and PDE4 primers (83) . MC express both PDE3 isoforms (3A and 3B), and all four PDE4 genes (4A, 4B, 4C, 4D) (Fig. 1) . The multitude of cAMP-PDE isoforms expressed by MC may provide the basis for functional compartmentalization of cAMP signaling (15) .
Although both PDE3 and PDE4 inhibitors activate PKA and increase intracellular cAMP levels, only PDE3 inhibitors suppress MC mitogenesis. In MC, cAMP-PDE activity attributable to PDE4 is two times higher than cAMP-PDE activity attributable to PDE3 (69) . We therefore sought to determine whether there were any differences in the ability of PDE3 or PDE4 inhibitors to activate PKA or increase intracellular cAMP levels. A transfection-based PKA assay was employed to determine the role of PDE3 and PDE4 inhibitors in PKA activation. Both lixazinone (a PDE3 inhibitor) and rolipram (a PDE4 inhibitor) activated PKA to a similar extent. PKA activation by PDE3 and PDE4 inhibitors was ϳ20% that observed in MC treated with the potent adenylate cyclase agonist forskolin (FSK) and the nonselective PDE inhibitor IBMX ( Fig. 2A) . Both lixazinone and rolipram modestly increased cAMP levels to a similar extent (ϩ70 and ϩ83%, respectively; Fig. 2B ). As expected, FSK markedly increased cAMP content (ϩ1,800%; Fig. 2B ). Although both lixazinone and rolipram activated PKA and modestly increased intracel-lular cAMP content, only the PDE3 inhibitor lixazinone suppressed basal (Ϫ38%; Fig. 2C ) and EGF-stimulated (Ϫ57%; see Fig. 7B ) DNA synthesis, as assessed by [ 3 H]thymidine incorporation. Rolipram had no significant effect on basal or EGF-stimulated DNA synthesis ( Fig. 2C and see Fig. 7B ). Differences in thymidine incorporation were paralleled by similar differences in cell number, as assessed by serial cell counts 48 -72 h after administration of PDE inhibitors (data not shown). This finding is in accord with our previous observations that several structurally distinct PDE3 inhibitors, but not PDE4 inhibitors, suppress MC mitogenesis (69) . Potential mechanisms underlying this differential effect of PDE3 and PDE4 inhibitors on MC mitogenesis have not been established. We therefore sought to test the hypothesis that PDE3 and PDE4 inhibitors differentially regulate the Ras-Raf-MEK-ERK signaling pathway.
MC express both Raf-1 and B-Raf. It is widely recognized that cAMP suppresses mitogenesis of some cell types, whereas it stimulates the proliferation of others (91) . In many cell types, cAMP activates PKA, which phosphorylates Raf-1 on a number of serine residues, leading to downregulation of the Raf-MEK-ERK signaling cascade. However, cAMP activates the ERK pathway and stimulates mitogenesis in other cell types in which B-Raf rather than Raf-1 is the major Raf isoform expressed (29) . Based on previous reports that low levels of B-Raf protein have been detected in kidney (5), we sought to determine whether both Raf-1 and B-Raf isoforms were expressed in MC. By Western blot analysis, we found that MC express high levels of B-Raf as well as Raf-1. Treatment of MC with either lixazinone or rolipram did not alter expression of B-Raf or Raf-1 (Fig. 3) . These studies indicate that the proliferative vs. antiproliferative effects of cAMP in various cell types are not merely dictated by expression of B-Raf rather than Raf-1.
PDE3 and PDE4 inhibitors differentially phosphorylate
Raf-1 in MC. In many cell types, cAMP blocks cell growth by phosphorylating Raf-1 on serine 43 and other serine residues. We sought to determine whether lixazinone and rolipram differentially phosphorylated Raf-1. MC were treated with lixazinone, rolipram, or FSK and IBMX for 10 min before addition of EGF. Phosphorylation of Raf-1 on different sites was assessed by Western blotting, using phospho-specific antibodies. After lixazinone treatment, Raf-1 was rapidly phosphorylated on serine 43 and serine 259. Raf-1 phosphorylation was stimulated 10 min after lixazinone administration and persisted 5 min through 1 h after EGF treatment. Rolipram had no effect on Raf-1 phosphorylation. It has been shown that when African green monkey kidney (COS) cells are growth factor stimulated, phosphorylation of serine 338 is required for Raf-1 activation (26). After EGF treatment, Raf-1 is recruited to the plasma membrane by activated Ras and is phosphorylated on serine 338 (30, 68) . However, our data show that lixazinone, but not rolipram, inhibited Raf-1 phosphorylation on serine 338 (Fig. 4) .
PDE3 and PDE4 inhibitors differentially regulate Raf-1 kinase activity: both PDE3 and PDE4 inhibitors suppress B-Raf kinase activity. Raf-1 or B-Raf was immunoprecipitated from extracts prepared from MC treated with lixazinone or rolipram, and Raf-1 and B-Raf kinase activity was assessed using Raf-1 or B-Raf Kinase Cascade Assay Kits, as described in MATERIALS AND METHODS. Lixazinone treatment reduced Raf-1 kinase activity by 32%, whereas rolipram had no significant effect on Raf-1 kinase activity (Fig. 5) . Both lixazinone and rolipram suppressed B-Raf kinase activity. However, lixazinone inhibited B-Raf activity to a greater extent (44 and 31%, respectively) (Fig. 5) .
PDE3 inhibitors suppress mitogenesis through inhibition of the Ras-Raf-MEK-ERK signaling pathway. The effect of PDE3 or PDE4 inhibitors on the ERK signaling pathway was as- sessed by an in vitro kinase assay, as described in MATERIALS AND METHODS. Lixazinone significantly suppressed basal ERK activation. The inhibitory effect of lixazinone on ERK activation was observed after 15 min. ERK activation was suppressed by 38% after 1-h treatment with lixazinone and returned to baseline levels after 8 h. Rolipram had no effect on ERK activity (Fig. 6A) . Addition of EGF to quiescent MC produced a sixfold increase in ERK activity. One-hour treatment with lixazinone significantly suppressed ERK activation (Ϫ68%). Rolipram had no significant effect on EGF-stimulated ERK activation (Fig. 6B) .
To determine the mechanisms by which PDE3 inhibitors suppress MC mitogenesis, MC were cotransfected with Elk-1 and constitutively active or dominant negative Ras or Raf constructs or cotransfected with Elk-1 and pBluescript as control. In control cells, lixazinone, but not rolipram, inhibited EGF-stimulated ERK activity. Constitutively active Ras or Raf plasmids significantly increased EGF-stimulated ERK activity (by 61 and 51%, respectively). Both the constitutively active Ras and Raf plasmids abrogated the inhibitory effect of lixazinone on ERK activity. The dominant negative Ras or Raf-1 plasmids significantly inhibited EGF-stimulated ERK activity (by 95 and 52%, respectively). Lixazinone had no effect on the low level of ERK activity observed in MC cotransfected with a dominant negative Ras plasmid. Lixazinone suppressed EGFstimulated ERK activity in MC cotransfected with a dominant negative Raf plasmid, possibly reflecting an effect of lixazinone on endogenous wild-type Raf-1 (Fig. 7A) .
In complementary studies, MC were transfected with either a constitutively active MEK-1 construct or pBluescript as control and were treated with PDE inhibitors and EGF. [ 3 H]thymidine uptake was assessed. Lixazinone significantly inhibited EGF-stimulated DNA synthesis in control plasmidtransfected cells, whereas the constitutively active MEK-1 plasmid blocked the inhibitory effect of lixazinone on MC mitogenesis (Fig. 7B) . These data suggest that inhibition of the Ras-Raf-MEK-ERK signaling pathway is mechanistically linked to the inhibitory effect of lixazinone on MC mitogenesis.
PDE3 and PDE4 inhibitors differentially modulate cell cycle-regulatory proteins. MC were treated with lixazinone or rolipram. Cyclin and cdk levels were determined by Western blot analysis; activity of cyclin D and cyclin E was assessed by histone H1 kinase assay. Lixazinone significantly suppressed cyclin D expression and activity at 8 h (Fig. 8, A and B) . Although lixazinone did not suppress cyclin E expression (data not shown), cyclin E kinase activity was inhibited after 1 h of lixazinone treatment and the inhibitory effect persisted for up to 18 h. Rolipram alone reduced cyclin E kinase activity by 23% at 8 h; however, lixazinone inhibited cyclin E kinase activity to a greater extent (P Ͻ 0.01; Fig. 9 ). After 8 h of treatment, lixazinone inhibited cyclin A expression (by 27%); rolipram was without effect (Fig. 10) . Neither lixazinone nor rolipram significantly altered expression of cdk2 and cdk4 (data not shown).
PDE3 and PDE4 inhibitors differentially regulate the cell cycle-inhibitory proteins p21 and p27. The antiproliferative effect of lixazinone was associated with induction of the cell cycle inhibitor p21 after 8 h of treatment (ϩ90%). Rolipram inhibited p21 expression after 18 h (Ϫ31%) but had no significant effect on p21 levels at any other time point (Fig. 11A) . Lixazinone had no significant effect on p27 expression. Rolipram modestly increased p27 levels after 8-h treatment (ϩ30%; Fig. 11B ).
Low-dose FSK eliminates compartmentalization of the antiproliferative effects of PDE3 and PDE4 inhibitors.
Although lixazinone and rolipram activate PKA and increase cAMP levels to a similar extent, only lixazinone inhibits mitogenesis, through blocking the Ras-Raf-MEK-ERK signaling pathway and reducing cyclin D and cyclin E kinase activity. We sought to test the hypothesis that rolipram could inhibit MC prolifer- (Fig. 12) . These studies provide further evidence for functional compartmentalization of cAMP pools differentially regulated by PDE3 and PDE4.
PDE3 and PDE4 inhibitors do not induce apoptosis in MC.
Apoptosis was assessed in MC treated with lixazinone or rolipram. Neither lixazinone nor rolipram had any significant effect on caspase 3 activity. As a positive control, caspase 3 activity was significantly increased by treatment of MC with 20 ng/ml TNF plus 10 g/ml cycloheximide (3 independent experiments, data not shown).
DISCUSSION
These studies provide evidence that ERK signaling in MC is differentially regulated by functionally compartmentalized in- tracellular pools of cAMP directed by PDE3 and PDE4. We previously showed that cAMP is hydrolyzed in MC almost exclusively through the actions of PDE3 and PDE4 (69) . Although total cAMP hydrolytic activity attributable to PDE4 is approximately twice that of cAMP hydrolytic activity attributable to PDE3, both PDE3 and PDE4 inhibitors activate PKA and elevate intracellular cAMP levels to a similar extent. Only PDE3, but not PDE4, inhibitors are effective in suppressing MC mitogenesis. This differential effect of PDE inhibitors on MC mitogenesis is associated with differential phosphorylation of Raf-1, decreased Raf-1 kinase activity, decreased ERK activity, and modulation of cell cycle proteins. Expression of constitutively active Ras or Raf constructs abrogates the inhibitory effect of PDE3 inhibitors on ERK activity, whereas overexpression of MEK-1 eliminates the suppressive effect of PDE3 inhibitors on MC mitogenesis. These studies provide evidence that the antiproliferative effect of PDE3 inhibitors was mechanistically linked to suppression of the Ras-Raf-MEK-ERK signaling pathway.
The distribution of PDE3 and PDE4 isoforms in MC has not been previously characterized in detail. We found that MC express both PDE3 isoforms (PDE3A and PDE3B) and express all four gene products comprising the PDE4 family (PDE4A, PDE4B, PDE4C, and PDE4D) (93) . PDE3A is widely expressed in arterial tissues, platelets, and cardiac tissue (40, 97) . Recent studies showed that alternative transcriptional and posttranscriptional processing of the PDE3A gene is responsible for the generation of at least three isoforms that differ in the number of membrane association domains, protein kinase A or protein kinase B phosphorylation sites (18, 97) . PDE3B is primarily expressed in adipocytes, hepatocytes, and pancreatic cells (80) . Both PDE3A and PDE3B are expressed in cultured arterial smooth muscle cells (76) . The PDE4 family is the largest PDE family characterized to date, with at least 18 isoforms (10, 21, 48, 49, 93) . Recent studies have defined important functions for specific PDE4 isoforms. For example, PDE4D knockout mice have impaired growth and fertility (54) . The airways of mice deficient in the PDE4D gene are refractory to muscarinic cholinergic stimulation (46, 71) . These animals still exhibit pulmonary inflammation, indicating that other PDE4 isoforms such as PDE4A or PDE4B regulate this process (39, 66) . Along these lines, PDE4B has been shown to be essential for TNF synthesis in response to LPS stimulation (53) . The PDE4D5 isoform, but not other PDE4D isoforms, interacts with the RACK1 signaling scaffold protein (100), whereas the PDE4D3 isoform contains a unique NH 2 -terminal domain that allows interactions with specific SH3 proteins (6) .
Using a functional assay, we previously demonstrated that most cAMP PDE activity in MC resides within the cytosol (69) . However, additional studies are needed to determine which PDE3 isoform is responsible for inhibition of mitogenesis and which PDE4 isoform is responsible for inhibition of ROS generation in MC and to determine whether these activities reside within the cytosol or are localized to the plasma membrane or other cellular compartments.
It has been postulated that the relative expression of B-Raf vs. Raf-1 may dictate whether cAMP stimulates or inhibits proliferation (91) . Raf-1 has a ubiquitous tissue distribution, whereas B-Raf is expressed primarily in neuronal cells and testis (92) . We found that MC expressed both Raf-1 and B-Raf. The PDE3 inhibitor lixazinone inhibited Raf-1 kinase activity, whereas the PDE4 inhibitor rolipram was without significant effect. However, both PDE3 and PDE4 inhibitors suppressed B-Raf kinase activity. It is likely that the effect of cAMP on B-Raf kinase activity depends on cell culture conditions and/or cell type. For example, cAMP stimulates B-Raf and ERK activity in melanocytes (11) and PC12 pheochromocytoma cells cultured in the presence of serum (34) . However, cAMP inhibits Raf-1 and B-Raf activity in serum-starved PC12 cells (34, 77, 96) or PC12 cells treated with EGF, nerve growth factor, or platelet-derived growth factor (96) . In differentiating promyelocytic HL-60 leukemia cells, cAMP inhibits B-Raf activity but activates ERK (17) . In Rat-1 fibroblasts (which lack B-Raf), cAMP inhibits Raf-1 activity, leading to suppression of ERK activity and inhibition of mitogenesis. However, expression of B-Raf renders the cells resistant to the inhibitory effects of cAMP on both growth factor-induced activation of ERK and mitogenesis, suggesting that the relative levels of B-Raf and Raf-1 may determine whether cells proliferate or are growth inhibited by cAMP (34) . The ability of B-Raf to activate MAPK may be related to its ability to complex with 14 -3-3 proteins (79) . In cell types inhibited by cAMP, approximately fivefold less 14 -3-3 protein was associated with B-Raf than was observed in cell types in which cAMP stimulated MAPK (79) . Further studies are needed to address this issue in MC.
In cell types that are growth inhibited by cAMP, it is thought that inhibition of mitogenesis is associated with PKA-mediated phosphorylation of Raf-1 on serine 43 and other serine residues, including serine 259 and serine 621 (22, 30, 45, 85, 98) . We therefore sought to determine whether the differential effect of PDE3 and PDE4 inhibitors on MC mitogenesis was associated with a differential effect on Raf-1 phosphorylation. We found that the PDE3 inhibitor lixazinone promoted rapid phosphorylation of Raf-1 on serine 43 and serine 259 and decreased phosphorylation on serine 338. The PDE4 inhibitor rolipram had no significant effect on phosphorylation of Raf-1. In at least some cell types, phosphorylation of Raf-1 on serine 43 by PKA inhibits binding of Raf-1 to Ras-GTP (19, 30, 98) and suppresses Raf-1 kinase activity. PKA phosphorylates Raf-1 at other serine residues, including serine 259 and serine 621 (30, 73) . However, elevated cAMP does not stimulate phosphorylation of serine 621 or suppress activity of the catalytic domain of Raf-1 in vivo, indicating that this may be an in vitro artifact (88) . Recent studies showed that growth factor-stimulated mitogenesis is associated with phosphorylation of Raf-1 at serine 338 (26) . This phosphorylation apparently promotes membrane localization of Raf-1 and subsequent activation of ERK signaling (26, 68) . We found that lixazinone, but not rolipram, decreased phosphorylation of Raf-1 at serine 338 and suppressed Raf-1 kinase activity. Further studies are needed to determine whether lixazinone-mediated decreases in Raf-1 kinase activity are due to decreased phosphorylation of Raf-1 at serine 338.
We found that the inhibitory effect of lixazinone on ERK activity was abrogated when MC were transfected with a constitutively active Ras or Raf plasmid. Furthermore, the antiproliferative effect of lixazinone was reversed when MC were transfected with a constitutively active MEK-1 construct. These studies underscore the importance of the ERK pathway in regulation of MC mitogenesis and indicate that strong activation of the Ras-Raf-MEK-ERK pathway can stimulate cAMP-independent proliferation.
Although these studies demonstrate a critical role of cAMP in regulation of the Ras-Raf-MEK-ERK pathway, recent studies have suggested that cAMP may regulate mitogenesis through other pathways. In some cell systems, inhibition of ERK by cAMP does not appear to explain the growth-inhibitory effects of cAMP (23, 43, 70) . In rat smooth muscle cells, cAMP at concentrations that strongly inhibit DNA synthesis does not inhibit ERK activation (42) . In MC, addition of cAMP at a time when transient growth factor activation of ERK has declined to basal levels still results in potent inhibition of DNA synthesis. The efficiency whereby cAMP elevation inhibits smooth muscle cell DNA synthesis is nearly identical when cAMP is added before growth factor stimulation or 6 -12 h later (58) . The same phenomenon has been observed in other cell types (70) . Furthermore, recent studies showed that ERK is activated normally in cells derived from Raf-1 knockout animals (50, 72) . These observations indicate the presence of Raf-1-independent pathways for ERK activation, at least in some circumstances.
Based on these considerations, we sought to define other potential cell cycle targets that may be subject to differential regulation by PDE3 and PDE4 inhibitors. We found that the antiproliferative effects of PDE3 inhibitors were associated with reduced cyclin D levels, cyclin E kinase activity, and decreased cyclin A levels. In mammalian cells, G1 to S transition is governed by the cyclin-cyclin-dependent kinase (cdk) complexes, in which the cdk acts as the catalytic subunit and the cyclin acts as the regulatory subunit. Expression of cyclin D increases in early-mid part of G1 to form complexes with cdk4 and cdk6 (57, 63, 86) . In the mid-part of G1, cyclin E associates with cdk2 to form an active complex. In contrast to cyclin D, cyclin E expression is not generally induced by growth factors. However, activity of the cyclin E-cdk2 complex is markedly increased in mid-G1 following growth factor stimulation, and inhibition of cdk2 activity prevents cells from entering the S phase of the cell cycle (86) . In the S phase, cdk2 complexes with cyclin A (86) .
Activity of cyclin-cdk complexes is also regulated by cdk inhibitor proteins that bind to and inhibit cdks. In smooth muscle cells (38, 59 , 95) and other cell types (4, 56), cAMP suppresses induction of cyclin D and cyclin A and upregulates the cdk inhibitor protein p27. In smooth muscle cells, p27 levels are induced and levels of p27 associated with cdk2 are also increased (58) , resulting in an abrogation of both cdk2 and cdk4 activities (38) . We found that PDE3 inhibitors increase expression of the cdk inhibitor protein p21, whereas PDE4 inhibitors had no effect on p21 expression. These studies indicate that PDE3 inhibitors suppress MC mitogenesis, at least in part, through upregulation of the cdk inhibitor p21.
We previously showed that MC possess functionally compartmentalized pools of cAMP regulated by distinct PDE isoforms. A pool of cAMP directed by PDE3 inhibits mitogenesis, whereas a pool of cAMP directed by PDE4 suppresses ROS generation by MC (15) . In our current studies, we demonstrate that PDE3 inhibitors promote phosphorylation of Raf-1 on serine 43 and serine 259 and inhibit phosphorylation of Raf-1 on serine 338, and PDE4 inhibitors were without effect. PDE3, but not PDE4, inhibitors suppress Raf-1 kinase activity and ERK activation, indicating MAPK signaling is regulated by functionally compartmentalized pools of cAMP. The compartmentalization can be overcome by increasing intracellular cAMP levels with the adenylate cyclase agonist FSK. The inhibitory effect of PDE3 inhibitors on ERK activity is abolished when constitutively active Ras or Raf constructs are expressed and the suppressive effects of PDE3 inhibitors on MC mitogenesis are reversed when constitutively active MEK-1 is expressed in MC. These studies provide evidence that, at least in MC, PDE3 inhibitors act by suppressing ERK activation. Other targets of cAMP signaling directed by PDE3 include cyclins D, E, and A and the cell cycle inhibitor p21. Additional studies are needed to determine whether the observed effects of PDE3 inhibitors on cell cycle protein expression and activity are mechanistically related to suppression of ERK activity. Although nonselective PDE inhibitors such as IBMX have antiproliferative effects in MC and other cell types, a variety of systemic side effects limits their clinical use. In contrast, isoform-specific PDE inhibitors have been used to treat a variety of inflammatory and autoimmune conditions. PDE inhibitors may provide useful therapeutic targets for modulating ERK activation in response to acute or chronic renal injury and may thereby arrest progression of a variety of chronic renal diseases.
